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ABSTRACT

The objective of this work was to determine, experimentally, the
shielding afforded by an open, concrete-walled basement located in a
simulated fallout field and to compare these experimental results with
theoretical results published in National Bureau of Standards (NBS)

Monograph 42.

A cobalt-60 point-source circulation system was used to simulate
a uniformly-contaminated residual gamma radiation area out to a radius of
600 feet. Experimental exposure-rate measurements were made in the free
field and at various locations within the siructure as a function of height
above the basement floor. Ionization chamber dosimeters were used as radia-
tion detectors. Experimental measurements were extrapolated to infinite-
field conditions by use of analytical procedures and compared with other
related experimental data and theoretical results.

The following conclusions were established:

(1) Analysis of the position functicn f(h,w) at various detector
levels above the basement floor indicates the presence of radiation back-
scattering contribution that is dependent on height above the floor and
solid-angle fraction and is not adequately estimated by a single correction
factor (1.2 suggested in NBS Monograph u42).

(2) Agreement within 21 percent was obtained between experimental
reduction factors and theoretical reduction factors calculated by Equation
31.1 of NBS Monograph 42 for detecdtor locations in the center or near the
center of the basement {detector locations C and B).

(3) Theoretical reduction factors underestimate experimental
reduction factors at the off-.center detector locations close to the base-
ment walls (detector locations A, D, and E) by as much as 47 percent. The
differences appear to be caused by radiation scattered from the walls and

loor of the basement; this scattering is not completely accounted for in
the theoretical calculaticns.

(4) Extrapolation to the ground surface (w = 1) of the experi-
mentally measured reduction factors at the center detector location within
the open concrete basement yields a skyshine exposure rate that is 7.9
percent of the infinite free-field exposure rate at the 3-foot height. Tnis
compares favorably with 8.8 percent calculated in the NBS Monograph 42.

(5) The infinite-field exposure rate at the 3-foot height above
e graded, rolled, and relatively smooth field was determined as 468 R/h at
a scurce density of 1 Cl/ft' of cobalt-60 radiation simulated with a
circulating poiul source.
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SCATTERED RADIATION (SKYSHINE)
CONTRIBUTION TO AN OFEN BASEMENT
LOCATED IN A SIMULATED FALLOUT FIELD

1, INTRCDUCTION

This report, fourth in a series (References 1, 2, 3), presents
further progress in the US Army Nuclear Defense Laboratory (USA:DL) experi-
ental shielding program to test the validity of theoretical calculations
for predicting the protection afforded by structures against fallout radia-

tion.

{
1.1 Objectilg.

The objective of this subtask was to determine, experimentally,
the shielding provided by an open, concrete-walled basement located in a
simulated fallout field, znd to compare the results of this experiment with
theoretical results of National Bureau of Standards (NBS) Monograph h2

(Reference L), -

l.2 Background.

’ L. V. Spencer of NBS developred a prediction method for deter-
mining the shielding effectiveness of structures located in actual or
simuleted fallout fields. This method.described in Reference L, became
the basis for the engineering manusl (Reference 5) published by the Office
of Civil Defense (OCD). The manual is used by engineers, architects, and
hilitary commanders to predict the protection afforded by existing and
proposed structures against fallout gummu radiation.

-

The information in NBS 42 has been obtained almost completely
by machine calculations utilizing basic cross-section data. A number of
sources of experimental data are mentioned, but detailed comparisons with
such data are not included. This prediction method has been tested experi-
mentally, first with simple structures and then with more complex structures.
This Laboratory has conducted experiments with a simple concrete blockhouse,
located in a simulated fallout field, to determiie the effect of roof thick-
ness and wall thickness on the attenuation of gamma radiation (References 2
and 3). Radiation-penetration measurements for the roof indicated agreement
within 20 percent between experimental and theoretical reduction factors
determinci along the vertical center line of the structure. Experimental
and theoretical reduction factors for the wall of the structure agreed
within 15 percent at 3 feet and 6 feet sabove the center of the structure.
However, little experimental work hcs been done on basement structures.




Some experimental work measuring "skyshine" radiation was done
by Ciifford (Reference 6), who measured the radiation penetration in a
circular foxhole from a residunl radiation area simulated with cesium-137
sources. Startird ani Batter also measured the radiation penetration in
a circular foxhole, but used cobalt-60 sources to simulate the residual
radlation area (Reference 7.

More recent work with the circular foxhole and cobalt-60 sources
has bcen performed bty Bursorn and Summers in the Nevada desert (Reference 8).
Extensive measurements were made botn in the open hole and in the covered
bcle with various materials.

The work reported here is concerred with measuring air-scattered
(skyshine) radiation penetration into what might be considered a full-scale
" open tasement, All experimental data are given in Appendix A.

2. PROCEL URES
2.1 Test Area,

The experiment was conducted at the USANDL Westwood test area
comprising approximately €0 acres, of which 24 acres have been cleazred.
The surface of the simulated radiation zrez was a sandy clay that had been
graded, rolled, and treated with a herbicide to prevent the growth of grass.
The entire area was enclosed by a 6-foot-high fence equipped with a pressure-
sensitive personnel alarm. A field office on the test site provided a place
to charge and read dosimeters. The office was shielded from the radiation
field by a 32-inch-thick concrete wall., This wull reduced the radiation
sufriciently to sllow test personnel to remain in the -building during test-
ing.

2.2 Cource-landling Fucility.

A point-source circulation system was used to simulate fsllout
radiatior {Referencz 9. The zimulution sysiem involved the plucement of
nylon tubing, L/1€-inch w:ll thickness and 3/8-inch dismeter, in a uniform

pattern on the ground 2round the structwe., A radioactive point source was
tren propelled by water pressure through the tubing at a ronstant speed to
simulate 2 uniform distribution of contamiration over the area. Since the
sources were culibrated within the tubing, no correction was mad: for energy
degradition of trne source due to the tubing. :

liylon tubing was placed in 2 €00-foot-radius semicircular array
consisting of four semiznnuli (Figure 2.1). The spacing between rows of
tubing, irner and outer radial distances of each semiannulus, and area of
each semiannulus, are shown in T:ble 2.1.
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TABLE 2.1 DESCRIPTION OF SEMICIRCULAR TUBING ARRAY

Tube Inner and Outer Semiannular
Semisnnulus Spacing Radial Distance Area
rt 't £t°
1 1.67 0 to 60 5,499
2 7.0 60 to 200 57,177
3 25 200 to 450 255,255
4 25 450 to 6CO 2k7,ko1

2.3 Sources.

Six cobalt-60 sources {18.5 curies, 53.4 curies, 94.5 curies,
185 curies, 332 curies, and 590 curies) were used in this experiment.
Calibration date of these sources was 1 Mzrch 1962. The choice of a
source for « particular test was based upon relative sensitivity of the
radiation detectors, source-to-detcctor diztance, and exposure time. All
sources were calibrated sgainst a source that had been calibrated in the
free air ut a height of 11 feet. Victoreen concdenser-R-Chambers, calibrated
by MBS, were used to obtzin “hree measurements for each source exposure.
All rexdings were within 2 percent of the average for a rarticular source.
Recilitration of these sources was rerformed 1 Sertember 1964 by the method
descrited in Arrendiz B. Radioactive decay correctiols were made on the
exrerimentul data,

Dimensional rerlicas of the radioactive sources (cobalt-60 pellets
doubly ernzipsulated in stainless steel) are shown on the left side of
Figure 2.2. Tue czpsule was crimped to the end of a llexitle stainless-
stecl cokle., The leader, cornected to the other end of the cable, held a
1/2-irch-dinmeter leather skirt. The leather skirt acted as a piston by
providing 2 sezl tetween the source assembly and the wall surface of the
tubing to rermit the rro;ulsion of the source assembly by water pressure.

2.4 Instrumentation.

Rzdiatiorn-duse measurements were mu:de with the following Victoreen
" ionizution charker dosimeters: odel 203, 1 n’ - Model 239, 10 mR; and Model
3u2, 290 mP. A Vietoreen Model 227 charger-re..2r was used to charge arnd
re-d dosimeters. Dosimeler selection w:s bused ucon the exposure time, the

o
"o
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section of the field veing simulated, and the location of the dosimeters
with respect to the contaminated area. The choice of dosimeters was such
that the dose received was about mid-scale on the charger-reader. Experi-
ence with the dosimeters indicated that mid-scale deflections could be
reproduced within %2 percent. Each exposure was timed by a Precision Instru-
ment Company electric timer.

The ionization-chamber d0°inPteru were calibrated against a
Victoreen Model 130 R-Chamber (0.25R) and churged and read on a Victoreen
Model 70-R meter. The R-meter and n-chambter were calibrated by NBS with a
collimated beam of cobalt-60 gamma rays. The estimated accuracy of the
uBS calibration was %3 percent.

- 2.5 Tescription of Experimerntul Struciure.

The reﬂtanguTar basement, with walls of reinforced concrete, is
shown in rerspecztive with tuting layous in Figure 2.3, The inside dimensions
of the structure were 20 by 10 by 7 feet. The ; ured concrete walls were
20 inchkes thick and the floor was 3 inches thick.

The relatively trick concrete walls were built to serve as a
foundation for aboveground walls for fuiture experiments and to prevent any
ground direct radiztiorn (lip contribution) from reaching the detectors in
the basement. Note the inset in Figure 2.1, an enlargement of semiannulus 1
adjacent to the basement, which shows that the Sirst line of tubing is 10
inches from the concrete wall. 1In this position direct radiation must
penetrate approximately 10 mean free paths of concrete to reach the nearest
detector; therefore, it was concluded that the lip contribution was effectively
eliminated by the walls,

2.6 Experimental Technique.

Ixpesure-rate reduction fuctors within the test structure were
obtained oy dp*vrmiqing the rutio D/, where D is the exposure rate mea-
sured in the structire =nd D, is tlie ex;csurce ra:te mezsured in the free
field at 3 fe2t atove the conter of = contimiviated infinite field.

'reo-tield rudiation exposure measuroments were made at heights
“eet zcove ground at 1-foot intervals. Althrugh only the
r naight data were reaulrad to c2lculate the experimental

&
from 1 to 15 :
3-foot datects
reduction fucto s for comrarison witnn thecreticzl reduction factors, data

g 8 were tueern s0 that compariscus could be made with similar
her irvestigators (Reference 10), and with the theoretical
encer. These comririsons zllow some estimate to be made of
the ground roughress effects cn radiztion Intensity.

for otrer h&i‘

Free-field mensuremerts werc mide with the detector stand mounted
directly sbove thne zenser of the bucement t'or semiannuli 2, 3, and 4., Free-
field mroguremsrnss for seminmalas 1 (soo inset Pigure 2.1) .erc made over a
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separate semiannulus with tubing laid out to cover the entire radius of
the semiannulus, which was offset 300 feet from the basement over graded,
level terrain. The total free-field measurements listed in Table 3.1 are
for the entire field and not for an area with a portion of the contamina-
tion cleared away at the center.

The detector stand resembled a gibbet with a 2 1/2-foot long
horizontal arm braced at the top of an 18-foot high vertical support
(wooden four-by-four). The detector holders were paper cups taped to
two parallel 1/1€-inch diameter stainless steel wires attached at the end
of the horizont4ql arm and anchored at the base of the gibbet by a 30-
pound lead bricH. The entire assembly was supported by three guy wires
and adjusted soCﬁhat the lire of detectors was perpendicular to the center
point of the diameter. of the semiannulus. Ten source runs were made for
each semiannular area and the exposure measurements were checked for
reproducibility.

The detector layout inside the basement structure is shown in
Figure 2.4, a cross-section view of the detector positions with respect
to the floor, and in Figure 2.5, a -plan view of the location of the
detectors with respect to the walls of the building. Primary detectors
(capital letters) and imige detectors (small letters) were placed within
the structure us shown in Figure 2.5, To obtzin the total radiation
exposure from the. simulated fallout area for Zetector locations A, B, and
E, the exposure rate at the primary positions A, B, and E were added to
the exposurc rate at the image positions u#, b, and e, recpectively. At
each detector height for det:ctor locutions C and D, the exposures were
doubled. ,

All eiposure measurements were converted to milliroentgens per
hour for a source density of 1 Ci/ft2 by use of the followirngequation:

D = D,A &= | (2.1)

wrere
D = the corre:ted exposure rate in (mR/h)/(Ci/ft?),
Dy = the urcorrected exposure rate in (mR/h),
A = the are» 5>f the semiannulus in ft°

p = tre itmosoneric correction factor at standard conditions:
(descrired below),

A = decay factor for cobalt 60 usel to correct the exposure
reading to a reference time,

C = the culibration factor of a given detector, and

3 = tre strerngth in curies.
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2.7 Discussion of Errors.

To estimate the errcer in most laboratory-type experiments, a
large number of experimental runs are usually made, from which the standard
deviation, ¢, is calculated. The reliability of the estimated error is
dependent on the number of experimental runs, N. However, in a field-type
experiment this is usually not possible nor practical., In this experiment,
the time 1equired to muke a large number of runs on each semiannulus would
have been excessive. To compensate for this, attempts were made to care-
fully control the factors that could produce experimental variation and to
analyze the systematic errors which are inherent when difterent personnel
charge and read the ionization chamber dosimeters.

A point-source circulation system, in which a source of cobalt 60
was propelled through plastic tubing at u constant rate, was used to simulate
residual radiation. OJince the system depends on the source remaining the
same amount of time in a given area of the field, an error could result if
there were lack of uniformity of movement of the source through the tubing.
To minimize this possibility, a "dummy source," an exact replica of the
actual source, was propelled through the tubing prior to the "hot" run.

The movement of the dumny source was observed to determine whether any
imperfections in the tubirng or any variaticns in the pumping system were
present to cause irregular flow of the source. Any delay in the flow

would increase the total time of a run. Results of this pre-testing showed
that the variation ia the times for the experimental runs would never be
greater than 0.5 percent for a given semiannulus. Since all measurements
were normalized to milliroentgens per hour, the error in timing would be
averaged out in the normalization.

Further experimental error could be caused by errors in source
calibration., All sources were calibrated on the USANDL calibration range,
as described in Appendix B, The calibration error, ¢,, calculated from
five repetitive measurements fc ~ach source was no greater than £ 2 per-

cent.

The ionization chumber dosimeters that were used to make the
exposure measurements are the most sensitive to possible error. Error
could result from variztiors in temperature, pressure, leakage, and
reading. Since the ionization chambers were not hermetically sealed and
the ionization of the air within the chambers is dependent to some extent
on the air density, the chambers are sensitive to change in temperature
and atmospheric pressure. This error was effectively eliminated by the
use of an atmosprheric correction factor, p, to correct the detector
reading from experimerntil conditions to standard conditions of temperature
and pressure. This wzs culculated as follows:

P, T,
19 (2.2)




where =

P, = 760 mm of mercury, atmospheric pressure at standard condi-
tions,

- 3
#

273° Kelvin, temperature at standard conditions,

pressure at experimental conditicns in mill mc*ers of
mercury, and

&
"

T, = temperature at experimental conditions in degrees Kelvin.

Leakage of the charge from the jonization chambers will occur
as a resuit of background radiation and, in some instunces, because of
dirt on the insulator. UNormally tnis leakage is not large, and for
exposures of 1 hour the effect will be approximately i.L percent of full
scale for the 1-mR chambers and about 0.2 percent for the 10-mR chambers.
Obviously, for exposure of several rours duration this effect could be
significant, expecially with the l1-mR chambers. However, this effect was
eliminated by establishing o lexkuge rate for each chamber. .This leakage
rate was rechecked weekly and detectors with excessive leakuge rates were
set aside for cleaning. The leakage value was subtracted from the dete ctor

reading in the datz normalization process.

11 belowground radistion measurements were made with either the
1-mR dosimeters or the 10-mR dosimeters znd calibrated as degcribed in
Section 2.4. The estimated error, O,, in the calibration of the :-mR and
10-mR chambers against the se.ondzry standard, was 3.6 percent. '

To estimate the error, ¢;, *that mey occur in the experiment as
a result of differert persons rezding the charger reader, a test was con-
ducted during which seven:y messurements were read at various positions
on the scale by nine reo:le. The resultant standard deviation indicated
a maximum error of *1.b4 rereernt.

wrature, pressure, and
ted, the remaining con-
nt are the source calibra-

Since the syctems
leakage huave been eillar «
trivutors to tre errors of
tion error, the detector c:lli
by different gersons re4iing
given meusurement, 0., i ¢zl

~d poscible errors caused
The total 2rror for a

G, = 0% + 05+ = 2% 4+ 3.8% 4+ 1.4% = 4.l (2.3)

The totlsl exrerimontnl rmessurement ot o glven detector
consisted of ths sum of four sejarste gomiannular measurcments., SilCB
I3 +

roretitive expogurs oomeasurenents were mrde for zach semiannulu




there was also a standard deviation from the mean of each semiannulus., 1In
most cases the error was small (1 percent in semiannulus 1 for detector
location C at the detector position 1 foot above the basement floor), although,
in some instances for the same detector position, the standard deviation was
as large as 7 percent, as in semiannulus 3. Since each semiannulus contributes
only a certain percent to the total exposure, the effect of a large error in
any single semiannulus would depend upon the percent contribution to the total
exposure rate of that semiannulus. For example, the standard deviation for
semiannulus 3 at detector position C-1 is 7 percent; however, the percent

error for the sum of four semiannuli is 4.5 percent.

The total error of the measurements would be a total of_ the variance
from systemitic errors connected with the detector measurement, 07, plus the
variance due to difference in the total measurements, cf or

o total =. 95 + 0% (2.4)

v

The maximum total error expected at any detector position would not
exceed 6.3 percent. ' ‘

3. RESULTS

3.1 Free-Field Exposure Rates,

Tdable 3.1 shows the results of the free-field measurements. The
table shows the cumulative exposure rate as a function of radius of the field
in 1-foot intervals for heights of 1 to 15 feet, The exposure rates listed
in Tuable 3.1 have been converted from semiannular to annular by multiplying

by a factor of two.

According to free-field experiments reported in NDL-TR-2 (Refer-
ence 1), the exposure measurements at 3 feet above the center of a simulated
fallout field of 600-foot radius constituted approximately 95 percent of the
infinite-field exposure rate. For calculations necessary to determine the
shielding effectiveness of structures, however, the infinite-field exposure
rate is required. 8ince it is clearly impractical to measure the exposure
rates to infinity, the free-field contribution was estimated analytically
as shown in Section 4.1. The cumulative free-field exposure rates for an
infinite field are shrown in the last column in Table 3.1.

3.2 Open-Basement Exposure Rates,

The exposure rates meussured in the open basement are shown in
Tatle 3.2. The exposure rates are listed zccording to detector location
(A, B, C, etc.) and to height above the basement floor. The contribution




for each annulus is listed along with the faf-fieldrcontribution and the
total exposure rate at each dosimeter position. The method used to deter-
mine the far-field exposure rates is explained in Section 4.2.

TABLE 3.1 CUMULATIVE FREE-FIELD EXFUSURE RATES A3SOVE A RADIATION
AREA AS A FUNCTION OF RADIUS AND HEIGHT

Note: Data normalized to R/h at a source density of 1 Ci/ftz.

Detector Exrosure Rates For A Radiation Area Infinite*
Height With a Radius of Field
Above Exposure
Ground 60 it 200 ft 450 £t 600 ft Rite’

Tt R/n R/h
1 370 463 L96 502 548
2 320 b9 LEy 472 500
3 285 388 438 LL7 168
4 260 366 417 L2g LLL
5 239 343 397 409 L2l
6 220 32l 377 387 403
T 206 310 65 377 391
8 206 313 369 382 387
9 130 288 343 357 369

10 178 276 331 34k 357

11 169 263 32L 337 3k9

12 161 258 316 330 341

13 153 2Ly 308 322 233

1 135 235 292 306 318

¥Far-field contribution teyond €00 feet was calculzted - See Section b,1.

22
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TABLE 3.2 LEXPOSURE RATES TO DETECTORS AT VARIOUS LOCATIONS IN AN OPEN
CONCRETE BASEMENT LOCATED IN A RESIDUAL RADIATION AREA SIMULATED

BY COBALT 60

Note: Exposure rates are in (mR/h) /(Ci/ft3).
For detector locations, see Figure 2.5.

D;:i;ﬁ:r Exposure Rates for Annulus Far-Field Total
Above Floor : Ex :z:re Exg:i:re
(ft) 1 2 3 4 a

Detector Location-A

1 666 1560 2120 842 1970 7160
2 751 1650 2320 995 2330 8080
3 826 2000 2560 1080 2530 9100
h 1010 2410 3090 , 1280 3000 10800
5 1320 3120 L2Lo 1590 3720 14000
6 2340 4750 5850 2270 5310 20500
Detector Locztion-B
1 880 2000 2670 1020* 23v0 8960
2 1050 2230 2920 1290 3020 10500
3 1240 2790 3390 1510 3530 12500
b 1450 3480 4320 1870 4380 15500
5 1960 4490 5450 2320 5430 19700
6 3360 6560 8020 3169 7390 28500
Detector Location-C
1 350 2060 2840 1219 2830 9910
2 1090 2450 3200 1330 3230 11400
3 1320 2920 3560 1640 38Lo 13300
I 15€0 3850 LhA0 1950 4560 16400
5 2000 5140 5610 2500 5850 21200
6 3300 6960 8380 3260 7630 30100

Gee footnote at end of table.




TABLE 3.2 CONTINUED

D;Zi;;:r Exposure Rates for Annulus Far-Field Total
Above Floor Exposure Exposure
(ft) 1 2 3 L Rate Rate

Detector Location-D
1 754 1720 2400 992 2320 8180
2 920 1900 2480 1130 2640 9070
3 992 2240 2940 1250 2930 10400
L 1170 2800 3520 1550 3630 12700
5 1700 37L0 5120 1910 4470 16900
6 2820 5520 6840 2080 6270 24100

Detectcr Location-E
1 86k 1940 2010 10L0 2430 8880
2 976 2160 2550 1250 2930 10200
3 1160 2660 3330 1Lk 3370 12000
I 1310 3270 4030 1700 3980 14300
5 1750 . k220 5310 2150 5030 18500
6 3700 £520 6L80 2780 6510 25000

*Bused on Estimated Vilue.

3.3 Reduction Factors, Experimental and Theoretical.

Tre reduction factor, R, is defined as the ratio of the shielded
exposure rate, D, to the free-field exyposure rate at a 3-foot height above
un infinitely contaminuted field, Do, i1.€.,

R = D/D, (3.1)

The exreriment:1ly aetermined value for the free-field exposure
rate 2t the 3-foot height, D,, is 463 (R/r)/(Ci/ft®), Table 3.1. Therefore,
tre exreriment~lly determined reduction factors, R;, as shown in Table 3.3,
were cz. .ulated by Ecuntion 3.1 with the measured exposure rate at a given
deteztor position arnd the exrerimentully determined Do .

The theoretical reduction fzctors, R;,, were calculated by Spencer's
metrod, as expl:ined in Jection 4.3.
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4, DISCUSSION

4,1 Estimate of Far-Field Exposure Rate Aboveground.

The exposure rate at height h along the centerline of a uniformly
contaminated annulus, Figure 4.1, is given by

an Ts
> s e-pp
D(h;p, ,00) =D ]o dep ]r B(h,p) rdr
4Ty 2
P
[ -pp
e
=2md, [ B(n,0) 5= s, (4.1)
1P .
where
D, = source strength expressed as exyosure rute at unit distance
from a unit area of source distributed at unit density. For
cobalt 60, this value is 1k4.3 (R/n)/(Ci/ft?),
B(h,p) = buildup factor at detector height, h,

Pr = ¢rf + h® slant radius from the detector to the inmner circle
of radius :; of the annulus,

Po =/¥, + h® slant radius from the detector to the outer circle
of radius r, of the annulus, and
B = total linear absorption coefficient of air for the source

radiation.
It is assumed that B(h,;) is independent of h and linear in p; i.e.,
B(p) =a + B pp (L.2)

where o and B are constants. Then (4.1) ‘ecomes

D(hsen) = 2y {o [Bi (o)) - mup) |+ [e e ™)} (3

where E; (x) cderotes the exjonential integral,




Detector Position

Figure 4.1 Annulus - Detector Geometry.
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o e-‘
Ey (x) = r T— at . (4.4)
x

If a, B, and w are specified in (4.3), theoretical exposure rates for
various detector positions and annuli can readily be calculated by means
of tabler. '

The exposure rate, D(h;pi,w), is called the theoretical far-field
contribution of the exposure rate at height h. The particular case h=3, -

i.e.,, the theoretical far-field contribution of the exposure rate for the
standard position, is especially important. For every p,

D(h;h,®) = D<h5h’r‘1) + D(h;p’ @) . (&.5)
In an experiment covering o slant runge, g, it is necessary to obtain an
estimate for the experimental far-rield ceatribution D, (hj¢,,=), the sub-
script m standing for measured,
In the experimental analogue of (4.5),

D, (h3h,%) = Dy(hshysy) + D, (b3p,,®) . (L.6)
Only D, (h;h,0,) is known and ull resrective auuntities in (4.6) are smiller
than in (1.5) because of such factor:s 25 ground roughness, deviation of the
field from 2 smooth plane, etc. The fuct that

Da(hypy) < Dy(h,®) <D{h,®) , (4.7)

suggests to approximate D, (h,®) by a weighted mean

)\ID.: (h)01) + )‘ED(h)w)

M= (L.8)
At A
The weight of the experimental value D, (h,p,) is favored over D(h,w)
because the computztior of D(h,®) zssumes the validit; »f a buildup
fuctor for urnrestricied slsnt ranges. In (4.7) and (4.8) the first
argumeny, h, dencling the deiaclor rosition, has been omitted. Thus,
D.(n,py) = Ly(ksh,p,) and similarly for the other quantities.
If one chooses Ay = D{(h,0,) und %3 = Dy(h,p,), Dy(h,®) is
approxim:ted by
2 . D(=,0,)+D(h,=) '
D.(h,”) = L,(h \ ( ) J.) ( 2 . ()4.9)

daXi D(h; p,)+D, (h; Cl)



Then the rela“ive erior of D,(h,®) iz given by

BRI !
D, (hyx)} D, (h,®)

Lg(h,pg) Y - D.(p" ’“) ’ ()4'10)

Uihe) - [, th,p ) ‘
where y = }i - dd . (4.11)
Dihypyt + Dalbyey) '

Since 2 D,(k,p,) > D, {p, ,®),

| oa(h,® - L3k,

Dy L1 yx)

<y , and (L.12)

one obtains the following rucult: For experiments such thht the measured
contribution from the finite par-. of the field exceeds 50 percent ~f the
far-field contriputior, the tot:l exjosure rate D, (h,®) can be ay  -imated
by D;(h,w) with a2 relative ervor conziderutly less than vy,

The mild cordition stited is alw:ys satisfied in elaborate
experiments. Tnat the relative orror ic i+ fnet considerably less than
vy follows from the detuils of removing the unknowns D,(pl,m) and D, (h,=)
from the right side of (4,10}  from Reference 1 the values o = 1.11,

B = 0.529 are used; i.e.,

B(p) = 1.11 + G.529 wp . (b.12)

One obtains with u = 2.2h * 107° ft ‘1, p, =600 ft, for the standard
position h = 3 from {L %', {4 9), ard (4%.11,

Dy 233,078 (3;%,0, = 4GS E/h (b.1k)
S P -1‘ e :
with % Frror ET.\ﬂ;.-m‘j « %%, As shown in Feference 1, the buildup factor
(4L.13) is valtd for slef* r1angec uap to 80) feet. It is assumed that its

use for unrestrintod slur® ranges introduces only negligible error. Similarly,
it is exjerted thet all <onstunts in the pertinent equations do not change
aprreciably ur to neig:ts of 15 ferct [Felerence 10). Far-field coriections

for othe: heights have =~cordingly teen made, as shown above for the standard
position. ‘

L,2 Experimental kxios.re Pites n Etsement,

If in (L.1, B is replzced by (B-1), the exrosure rate D(’)(h;pt,po)

3
= D<"(p‘,p°) due to skyshine only is obtuired, D(')(p,,po) also repr-sents
the thecretical skrshine .ontribution in an oren structure below ground.

ro
-~




From (4.3) it follows that

(2ﬂD})‘1D(.)(pg:po) = (G-l) [El(upg) = Ex (H-Oe):; + B “.e““'p‘ -e‘upot} . (4‘4.15)

With t?e method below, an estimate for the experimental far-field
contribution DS' (py ,») is obtained. Since

(2mD,) () (h,®) = (a-1)E, (h) + Be™®®

(a-1) [ £ (i) -Ey (upo) |+ B [P el apg
- - - - ||

- {
(2-1)E, (wpo) + Be P |

(2mp,) 0C*) (n, 0)

(2rd,) "0 () (4o )

D(.)(h,ﬂ'&) = D(’)(h)@o) + C(pgypo) D(’)(pxspo) ’ ()“-16)
whefe

+ e—upo
C(Og;ﬁo) = oD 5 (uQO) P . . (14.17)

1 - - —po, ]
(or-l)[El (wpy) -Ey (wpo) | + B Le HP1 e HPe |

I

In (L.16) the theoretical fai-gield contribution is represented as
the product of the ring contribution D\'/(p,,p,) @nd the correction factor
C(pysPo). It is assumed now that the corr- ‘on factor C(g,p,) can be applied
-to the experimental value Dg')(pi,po); the o for the experimental case |

]

D'(')(h,m) zDl( ) hype) + Clpys20) DS,)(Pi;Do) ) (4.18)
where DS’)(pl,po), the contribution from the outermost annulus, ic taken
since it is expected that skyshine contributions from the far field and the
last annulus vehave similarly. Although the method is widely adopted, it
is difficult to find an crror estim:te in terms of readily computed gquan-
tities. lione has been offered so far, Beczuse of the differences in the
denominator of (4.17), tre small value of w, and the behavior of E, (x), the
method should never bte ayrlied to small outer annuli. An attempt to adapt
tre method of (4.1) to the prosent skyshine case is not very promising. Since
the far-field contribution cin easily amount to 30 to 40 percent of the con-
tribution from the finite part of the field even in elabor t? experiments,
it is difficult to find close lower and uprer bounds for Dy*/(h,®) that
2llow a generul error estim:te of practical value,

Tre far-field exposure rates presented in Table 3.2 were obtained
by thre ibove method 2yyplied to the fourth arnnulus.
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4,3 Reduction Factors.

The various detzctor positions in the basement at which measure-
ments were taken,along with the solid angle fractions subtended at them by
the rectangular opening of the basement,are listed in Table 4.1, A
rectangular coordinate system centered at the middle of the basement floor
with the positive x-direction CD, positive y-direction CE, and positive
h-direction pointing towards the opening has been introduced. The w-values
were calculated as outlined in Section 4l of MBS 42 (Reference L),

TABLE 4.1 DETECTOR FOSITIONS WITH CORRESPONDING SOLID-ANGLE FRACTIONS

N 1 2 3 Y 5 6

A(9,k4,h) 0.197 0.224 0.259 0.308 0.389 0.563
B(4.5,2,h) 0.326 0.386 0.461 0.556 0.677 0.828
€(0,0,h) 0.370 0.436 0.516 0.61k 0.729 0.859
D{9,0,h) 0.243 0.284 0.337 0.409 0.511 0}679
E(0,4,h) 0.298 0.342 0.395 0.ké1 0.551 0.701

Theoretically, detector positions with equal w-values should
yield similar exposure rates. A comparison of exposure rates measured at
detector rositions with nearly equal w-values shows that they are appreciably
influenced by radiation backscattering from the floor and walls. It is not
possible to dispose of the backscattering component with a flat percentage
(20 percent or so). It would appear, therefore, that inaccuracies will
result from using a single factor (1.2) to account for the backscattering
component in a concrete hasement, A clear separation of the skyshine
component from the backscattering component calls for future experimentation,
possibly with leaded and unleaded walls.

Ideally, theoretical reduction factors, R, should take the
following form:

D

= e T D = =
=5 Tt f(h,w) s,(d = 0,w) (4.19)

R
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where the function S,(d = O,w) is the geometry function defined by formula
(27.13) of NBS 42, and f(h,w) is the position function. The position func-
tion includes the skyshine detector response at ground level S(d = 0) and
the response to radiation backscattered from the side walls and floor, which
is a function of height, h, above the basement floor and the solid-angle
fraction, w, subtended at the detector. However, the only theoretical
formulation available for calculating reduction factors for a case which
resembles 2locely the open-basement situation is the approximate skyshine
response formula fur a foxhole [formula (31.1), MBS 42°

=1.2 sfd =0) S,(d =0,w) . (4.20)

. "

Reduction factors computed from (L4.20) are listed in Table 3.3,
along with those found experimentally at corresponding detector positions
A through E. At positiors a2long the centerline, relatively good agreement
is observed., Note that the theoretical and exrerimental reduction factors
are not directly comparable since the far-field correction factor C(p,,pa)
should bte applied only to the skyshine contribution and not to the sum of
-the skyshine and backscattering comronent.

Figure 4.2 describes the nature of the experimental position
function f{h,w) for the oren basement. This figure shows the experimental
position function f (h,w) plotted against the solid-angle fraction, w, for
detector height, h, where R is the exrerimental reduction factor. The
detector locaztion for each point of the height curves may be found by
matching the points with the solid-angle fractions shown in Table 4.1.

For comparison the corresponding theoreticial representation (4.20) is
included and is described by the line 1.2 S(d = 0), parallel to the
w-axis.

Figure 4.2 shows that, in a1 concrete basement, detector response
to skyshine radistion dernends upon position ia the basement and height
-above the floor. Indicaticns are that in a rectingular basement the
treoretical cnlealation as given in Eguition (%.20) will only approximate
the center or .ear-center detoctor locations tut is not good for eccentric

center detcctor lucutions. Accoriing to Ejuztion (4.20) the quantity
1.2 5{4 = 0) should be constant for all solid angles. Figure 4.2 shows
+ -

rorizontsl =nd vertie:l positions. Since the function S(d = 0), which
degerives the zmount of sryshine rudiztion entering the basement at
ground level, should nct vury according %o detector location, then the
difference would te csused by the innceourute estimatior of the contribu-
tion due to backscatterins from the side wills and the floor, or the 1.2
factor. For any detector rosition in the btasement an approximate reduc-
tion factor can be interpolated by means of Figure 4.2,

(o
[AV)




= f(h,w) (position function)

R
Sgld=0,w)

1.2 S(dro))

I

200 300 400 300 600 .700 .800 900

w (solid-angie fraction)

Figure 4.2 Graph showir: the experimental position function
. R ) . .
f(h,w) = A=y versus the solid-angle fraction,
w, for various heights above the basement floor.
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4,4 Comparison of Experimental and Theoretical Reduction Fzctors.

The difference between experimental and theoretizal reduction
factors at various detector locations ancd positions within a concrete
basement are shown in Table 4.2 and plotted in Figures 4.3 through 4.7.

TABLE L.2 COMPARISON OF EXPERIMENTAL AMD THEORETICAL REDUCTION FACTORS

Detector Percent Differences at Detector Locations*
Height
Above Floor A B C D E

ft percent

1 i7 21 14 L1 32
2 Lé 14 8 37 27
3 L2 11 0 27 27
b 39 3 -9 26 23
5 37 -5 -€.5 22 23
6 - 27 -3 -13 12 11

- Ex;eriment?l-Theoreticul « 190
Experimental

*Percent Difference

The largest range of differences is seen at all k.  =zhts of
detector location A, Figure L.3. For all heights at this detector loca-
tion, the exrerimertal values ranged from 27 to 47 rercent higher than
the theoretical vazlues. These rather large differences are due in part
to the ei1_ or caused b; using a single correction for backscattered radia-
tion znd rartly to thoe fuct that the detector locition A is in a highly
eccentric rosition with resgect to the overhend orening. The theoretical
czlculrtions =re best suited for 2z detector locution in the center of the
tasement. Orencer stutes that calculated results under highly eccentric
geometries (i.e., the value of tre length-to-width ratio, e, greater than
3) would grextly underestimate the experimental results (Reference 4).
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Figure 4.3 Experimental and theoretical reduction factors
versus height above an open basement floor,
detector location A.
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Figure 4.4 Experimental and theoretical reduction factors

versus height above an open basement floor,
detector location B.
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Figure 4.5 Experimental and theoretical reduction factors
versus height above an open basement floor,
detector location C.
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Figure 4.6 Experimental and theoretical reduction factors

versus height above an open basement floor,
detector location D.
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Figure 4.7 Experimental and theoretical reduction factors
versus height above an open basement floor,
detector location E.
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A similar explanation pertaining to eccentric detector geometries
can be made for the differences in experiment and theory at detector loca-
tion D, Figure L.6, although the difference is not as large as that at
detector location A. The reason for this was that detector location D was
oriented along the centerline of the width of the basement and was less
eccentric than detector location A.

Note that the larger percent differences (Table L4.2) between
experiment and theory, probably due to backscattered radiation, occur at
all detector positions next to the walls and floor, «.g., corner detcctor
location A, and wall detector locations D and E. The radiation backscatter
contribution is emphasized in comparing the percent differences for detector
locations A, D, and E. Here, the percent differences between experiment and
theory are largest for those detector positions that are next to the larger
wall-surface areas.

Agreement bhetween experimental and theoretical reduction factors
was good at detector locations B and C, Figures 4.4 and 4.5. This would
be expected at the C detectors located at the center of the basement. How-
ever, in view of the results from the other detector locations (A, D, and E),
the close agreement at detector location B is somewhat surprising. Again,
the explanation appears to be that detector location B, although off-center,
was somewhat nearer the center than the other detector locations.

It was noted that, at all detector locations, the agreement betiween
experiment and theory was best at the detector pecsitions near the top of the
basement. In Figures 4.3 through L.7, the experimental data taken near the
basement floor. curves upward, whereas the theoretical curve continues to
fall off approximately eyponentially. This agzin indicates that in a l=ige
open basement there may be the additional buildup of radiation due to back-
scatter from the floor that is not accounted for with the 1.2 factor recom-
mended in !BS Monograph L2,

Figure 4.5 shows the exrosure rate plotted versus the height above
the basement floor at the center detector location. The experimental curve
was extrarolated to the 7-foot height (ground level) or w=l. The extrapolated
value O. 0997, from Figure 4.5, times the free-field exposure rate, 468,000

(m2/h) /(Ci/t°) at the 3-foot height, yields an exposure rate of h6 500
(mR/h) /{Ci/Tt") at ground level. This value, of course, would 1nclude any
backscutter from the walls and the floor. If a backscatter of 20 percent
is assumed ard subtractad, then the total exgosure rate due to sliyshine at

he surface of the basement would be 37,200 (m&/h)/(Ci/ft?®). This is 7.9
percent of the infirite free-field exposure rate at the 3-foot height above
ground. This comyares favoraoly with 8.8 percent calculated by Spencer
(Referer~e U4) and 10 rercent measured by Burson and Summers (Reference 8).
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5. CONCLUSIONS

Analysis of the position function f(h,w) at various detector
levels above the basement floor indicates the presence of a backscattering
contribution that is dependent on height above the 1loor and solid-angle
fraction and is not adequately estimated by a single correction facztor
(1.2 suggested in NBS Monograph 42).

Agreement within 21 percent was obtained between experimental and
theoretical reduction factors calculated by Formula (31.1)of NBS Monograph
42 for detector locations in the center or near the center of the basement
(detector locations C and B).

Theoretical reduction factors underestimate experimental reduction
factors at the off-center detector locations close to the basement wall
(detector locations A, D, and E) by as much as 47 percent. The differences
appear to be caused by radiation scattered from the walls and floor of the
basement; this scattering is not completely accounted for in the theoretical
calculations.

Extrapolation to the ground surface (w = 1) of the experimentally
measured reduction factors at the center detector location within the open
concrete basement yields an exposure rate that is 7.9 percent of the infinite
free-field exposure rate at the 3-foot height. This compares favorably with
8.8 percent calciulated in the NBS Monograph L2.

The infinite-field exposure rate at the 3-foot height above a
graded, rolled, and relatively smooth field was measured as 468 R/h at a
source density of 1 Ci/rt® of cobalt-60 radiation simulated with a circulating

point source.
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APFENDIX A

EXPERIMENTAL DATA

Tables A.l through A.8 contain the data for each detector
position at the various locations within a concrete basement. The exposure-
rate contributions are given for all four semiannuli of the radiation area
with the sum of the four semiannuli shown in the column to the right.

To obtain the total exposure rate from the simulated fallout field
for detectors at locations, A, B, and E, the exposure rate of the primary
positions A, B, and E are added to the exposure rate of the image positions
a, b, and e, respectively. At each height for detector locations C and D,
the exposure rates are doubled.



TABLE A.1 EXPOSURE RATE CONTRIBUTION TO PRIMARY DETECTORS AT LOCATION (A)
FROM VARIOUS SEMIANNULI OF A SIMULATED FALLOUT FIELD

Note: Exposure rates are in (mR/h)/(Ci/ft?)

Detector Exposure Rate
Height Above Contribution From Semiannulus T
Floor 1 through b
(ft) 1 2 3 L
1 262 600 777 363
261 696 79k 321
' 532 362
303
Average 262 €09 786 337 - 1990
2 302 627 971 L26
283 618 975 Loo
597 381
381
351
Average 293 61k 973 338 2270
3 350 71k 9L3 LLe
318 €82 955 418
69k ' 375
A 433
370
Average 334 h97 950 Lo3 2330
i 330 851 1110 Li50
362 52 1170 LLp
370 35 Lé8
213 Ls3
Averige 371 gLy 11L0 Ls6 2820
5 Lot 1250 1399 535
L83 W2 1450 522
507 1229 528
1110 537
979
1260
Averuige L86 1030 1430 531 3480
6 802 1250 109 8e2
813 1790 2170 )
1770 BCE
Aversge 203 1737 21L0 859 5510

&




TABLE A.2 EXPOSURE RATE CONTRIBUTION TO IMAGE DETECTORS AT LOCATION (a)
FROM VARIOUS SEMIANNULI OF A SIMULATED FALLOUT FIELD

Note: Exposure rates are in (mR/h)/(Ci/ft?)

Detector Exposure Rate
height Above Contribution From Semisnnulus P)
Floor 1 through b
(ft) 1 2 3 4
1 L3y 9kl 1450 516
372 945 1200 487
963 512
504
Average Lok 950 1330 505 3190
2 490 ) 13€0 59
L8¢ 1110 1340 - 617
1050
Average 488 10L0 1350 607 3490
3 500 1250 1€.49 673
L83 300 1540 677
1260 651
1360
Average Lg2 1370 1510 €67 Lo7o
4 €37 1590 20L0 852
A3h 1550 150 801
1520 81k
1210
11
1559
1520
Average €36 152 1950 222 4970
5 826 2070 2810 1030
837 2110 105
2100
Average 832 200 2715 1000 €79
6 1530 3020 3710 137°
1530 3040 Lhhn
3040
Average 1530 3050 3710 1410 9700
h?



TABLE A.3 EXPOSURE RATE CONTRIBUTION TO PRIMARY DETECTORS AT LOCATION
FROM VARIOUS SEMIANNULI OF A SIMULATED FALLOUT FIELD

Note: Exposure rates are in (mR/h)/(Ci/ft?)

(B)

Detector Exposure Rate
Height Above Contribution From Semiannualus z
Floor ) 1 through L
(ft) 1 2 3 L
1 L26 899 1110
374 886 1100
902
Average Loo 8% 1110 390% 2800
2 Lgh 919 1260 600
4 936 12ko 648
5L
520
573
600
Average 463 928 1250 581 3220
3 561 1220 1550 597
529 1140 1500 698
1180
Average 545 1180 1530 648 3900
I 652 1500 1790 772
649 1450 1860 806
1430 866
1550
1560 ,
Average €51 1500 1830 815 4800
5 902 1910 2340 989
915 1940 1040
915 2050
Average 210 1970 23ko 1010 €230
6 1710 2930 3680 1360
1€70 2980 1480
1740 1420
1610
Average 1680 2960 3680 1420 9740

*Crzrriczlily interpoluted.
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TABIE A.L EXPOSURE RATE CONTRIBUTION TO IMAGE DETECTORS AT LOCATION (b)
FROM VARIOUS SEMIANNULI OF A SIMULATED FALLOUT FIELD

Note: Exposure rates are in (mR/h)/(Ci/ft®)

Exposure Rate

Detector
Height Above Contribution From Semianrulus T
Floor 1 through &4
(ft) 1 2 2 L
1 L79 1090 151 623
1110 1600} 1 666
1090 | 617
669
590
Average 479 1100 1560 633 3770
2 601 1310 1710 682
567 1280 1620 727
1300 724
Average 584 1300 1670 711 4270
3 700 1660 1860 81
690 1580 ’ 891
1520 872
1690
Average 695 1610 1860 360 5030
L 796 1910 ohocl 111
801 1940 1000
805 2060 1040
2200
Average 739 1990 2490 1050 6320
5 1060 2450 3110 1310
1020 2ukLd 1300
1070 2590
Averuge 1050 2520 3110 1310 7990
6 1630 3520 43L0 17k0
1670 3630 1740
1730 3560
1690
Average 1630 3600 4350 1750 11500
49




TABLE A.5 EXPOSURE RATE CONTRIBUTION TO DETECTORS AT LOCATION (C)
FROM VARIOUS SEMIANNULI OF A SIMULATED FALLOUT FIELD

Note: Exposure rates are in (mR/h) /(Ci/ft?)

Detector Exposure Rate
Height Above Contritution From Semiannulus P
Floor 1 through b
(ft) 1 2 3
1 470 1060 1530 601
481 1010 1410 609
1030 1340 625
59k
Average 475 1030 1430 607 3540
2 560 1240 1650 712
534 1210 1610 699
1230 1550 672
707
652
Average 547 1230 1600 688 4o70
3 675 1450 1800 8ol
640 1470 1750 788
867
Average 658 1460 1780 819 4720
L 767 1880 2310 982
790 1960 22u0 958
790 1940 2130 988
Average 782 1930 2240 976 5930
5 995 2570 28L0 1250
1010 2580 1220
1009 2560 1270
Average 1009 2570 28Lo 1250 7660
6 1970 3550 4190 1620
1930 3410 1650
1960 3470 1620
1930
Average 1950 3480 4190 1630 11300




TABLE A.6 EXPCSURE RATE CONTRIBUTION TO DETECTORS AT LOCATION (D)
FROM VARIOUS SEMIANNULI OF A SIMULATED FALLOUT FIELD

liote: Exposure rates are in (mR/h)/(Ci/ft?)

Detector Exposure Rate
Height fbove Contribution From Semiannulus z
Floor 1 through &4
(f) 1 2 3 N
1 380 876 1180 511
372 8L9 1220 522
854 459
506
481
Average 376 860 1200 Los 2930
2 437 Qlb 1260 577
483 9k9 1210 600
958 562
560
537
Average Lo 950 1240 567 3220
3 496 1150 1480 628
1090 1460 609
1120 625
658
610
Average L6 1120 1470 62k 3710
L 581 1430 1790 767
589 1380 1730 783
1360
1380
1390
1460
Average 585 1L00 1760 775 4520
5 850 1860 2560 958
8950 1870 953
Average 850 1870 25¢0 956 6240
A 1410 2740 3L20 1300
1419 2770 1370
1410
Averuge 1410 2760 3420 1340 8930




TABLE A.7 EXPOSURE RATE CONTRIBUTION TO PRIMARY DETECTORS AT LOCATION (E)

FROM VARIOUS SEMIANNULI OF A SIMULATED FALLOUT FIELD

Note: Exposure rates are in (mR/h)/(Ci/rt?)

Detector Exposure Rate
Height Above Contribution From Semiannulus z
Floor 1 through 4
(ft) 1 2 3 L
1 348 71k 1080 k19
314 779 bk 435
852 389
, 394
Average 331 747 959 Lo9g 2450
2 394 809 1090 Loy
358 806 1080 456
809 1020 486
485
468
Average 376 808 1060 478 2720
3 Lak 933 1170 505
428 933 1220 511
948 1160 516
L85
524
Average 425 938 1180 508 3050
Y Le7 1050 1360 562
473 1020 1370 610
465 1040 564
1070
Average LAg 1050 1270 579 3k70
5 695 1390 181¢C 767
657 1400 1740 730
637 1410 1680 769
1400
Average 6€3 1400 1740 755 4560
6 219 2010 2240 1020
2150 1990 1040
710 2080
2190
Averuge 2060 2030 2240 1030 7360
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TABLE A.8 EXPOSURE RATE CONTRIBUTION TO IMAGE DETECTORS AT LOCATION (e)
FROM VARIOUS SEMIANNULI OF A SIMULATED FALLOUT FIELD

Note: Exposure rates are in (mR/h)/(Ci/fte)

Detector Exposure Rate
Height Above Contribution From Semiainulus z
Floor = 1 through k4
(ft) 1 2 3 4
1 542 1170 1790 659
523 1200 1500 633
1210 610
630
Average 533 11390 1650 633 4010
2 ' 618 1330 1790 784
582 1360 1780 783
745
Average 600 1350 1790 771 4510
3 738 1690 2200 909
722 1740 2100 959
1720
Average 730 1720 2150 934 5530
Yy 821 2230 2570 1100
863 2210 2750 1130
2210 1130
Average 8L2 2220 2660 1120 68L0o
5 1080 28Lo 3560 1410
1080 2810 3570 13ko
1110 2800 1410
Average 1090 2820 3570 1390 8870
6 1620 3470 4190 1710
1650 3Lha0 La280 1740
1650 3520 1810
Average 1640 3490 Lako 1750 11100
°3



APPENDIX B

SOURCE CALIBRATION

All circulating point sources used in the experiment were carefully
calibrated to determine the radiation output (effective curie strength) of
the source. 1In addition, to determine the validity of previous calibrations
(Reference 1), all stationary point sources used in previous experimental
work were recalibrated by a different geometrical arrangement.

The stationary proint source and detector were supported at a
height of 12.5 feet a2bove ground. The source shield rested on a 10-foct-
high platform and the detector was held in a holder fastened to a 1l2-foot-
high ladder, Figure B.l. Exposure-rate measurements were made at horizontal
source-to-detector distances of 2 feet, U4 feet, and 6.23 feet. At least
5 exposures were made at each sepzration distance with all measurements
falling within 2 percent of tre average.

To obtain an accurate estimate of the effective curie strength
of the radiation source, 2 measurement must be made of the uncollided
(narrow-beam) exposure rate at a known distance between the source and the
detector. A direct measurement of this uncollided beam is complicated by
the presence of air-scattered radiition znd in some instances ground-sczttered
radiation. Therefore, the contribution from these two effects must he either
eliminated or accurately estimated. The air-scattered component wais estimated
by using the infinite air-medium buildur factor B(wr) of Berger (Reference 11)
The air-ground interface buildur factor, as measured by Batter and Clark
(Reference 12), was used to uccount for ground-scattered radiztion.

The corrected exposure rate at 1 foot was obtained Ly the following

formula:
e
Dy = Dy m > (8.1)
where
Iy = corrected exyosure r-te zt 1 foot, B/h,
Dy = mezsured exrosure rate zt stardard atmospheric conditions,
P/,
x = distance from source to detector, feet,
B(ux) = infinite wir-medium buildup factor,

n
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Figure B.1 Exrerimental set-up for calitration of stationary
point sources.




K = air-gr. und interface buildup factor, and

# = linear absorption coefgicient in air at standard atmospheric
conditions, 2.24 x 10~2 ft~! for cobalt 60.

The effective curie strength of each source was determined by
dividing the corrected exposure rate by the standard exposure rate for
cobalt 60 (14.3 R/h per curie at 2 distance of 1 foot).

‘ Table B.l shows the effective curie strengths of the sources used
in earlier experimentation as determined by the new method (Cy), along with
the source strengths determinec by the old method (C,), corredted for radio-
active decay. The maximum difference between the two “s 1.6 gercent, which
is well within the error of 3 percent inherent in the IBS ca ibrated standard.

Circulating roint sources were calibrated similarly except that
the plastic tubing was susre: ded above grcund between two l2-foot-high step-
ladders sraced 6 feet apart (Figure B.2). A rositive source stop was placed
in the tubing line in a position that would stop the source halfway between
the ladders. Radiation measurements were made with calibrated R chambers
and the exposure rates were corrected to 1 foot by use of Equation B.l.
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APPENCIX C

FREE-FIELD EXPCSURE RATES MEASURED BY
US ARMY NUCLEAR DEFENSE LABORAIORY AND BY DROTECTIVE STRUCTURES
DEVELCOPMENT CENIER

One of the problems attendant with simulating » fallout field
is that theoreticzlly the fallout field is considered smooth and infirite
in extent, 2 condition that is imirzctical to simulate. Therefore, ilhe
simulation of the field will be st best an approximation of the actual
situation. This involves exrerimental measurements for a finite distance
plus «n analiytisal extrapolatior for the far-field contribution. E-rilier
experiments mewsured tre free-field exposure rates a* the air-ground inter-
face; cobilt-60 und cesium-137 sources were used to simulate the residual
radiation (Reference 1'. The site of thece previous exreriments was a
reiztively smootn, grassy ficld; however, the measurements were made with
the source raised approximztely 3-1/2 inchec above the ground to encure
line-of-sight between source and detector and to reduce the effects of
ground roughress in the meusurements. These measurements were converted
to r1ing-source d:t+ and the results were grarhically integrated over the
800 feet covered by *“he mnfsuremcn‘s. An analytical estimate was made of
the far-field contritutior. The resultsnt infinite-ficid exposure rate
at a1 3- foot height wss determined to be 497 R/h at a contamination density

of 1 Ci/ft°.

The L37 K/h compares fzvorably to the theoretical infinite-field
exrosure rate, 500 K/h, calculusted by Eisenhauer {Reference 13). However,
it was higher th=n the experimertz:l infinite-field exposure rate, Lok R/,
determined by Mclonnell, et.al., =t the Protective Structures Develo;ment
Center (PSDC), (Reference 10). Possible contributors to the difference
in tre zbove exrerimer.c:l exrosure rates are (1) the method used to deter-
mine effective curie strengtns of the sources and (2) ground roughness
effects.

w
[#9
"’.

For tle experiment in Re nce 1, thre sources were calibrated at
4 height ot 11 Teet zbove ground and at 4 nurlzontal distance of 6 feet
from the detector. le-~swements were m:de with and without an 8-inch-thick
leud shield bet«ec tre :ource snd Jetector

; tre snhield was designed to
eliminate the direct rodistion and to mewsure ornly the scattered radiation.
These meﬂsurements resulted in 2 ©.1 rercent correstion for raliation-
scitter contricutiorn irom tre sir-greound irnte::iwooy this correction was
arriied in colculsting tie o'fﬂc*lzc curie strongtns of the =ources. An

otjection to tiis mothol o source czlicr«ticn was that the radiation
scuitter from the edges of the lesd sniels couli we sroaater than the air-
scrttered rodistion ore Is trying to messure, Jubgorguont mtaouroments at
z similar geometry indic:ted tiat the ion f tie radiation scatter
at the zir-ground irtertoo could 1o t too high.




" To determine the validity of these source strengths, all the
sources used in the previous experimzat (Reference 1) were recallbrated
under conditions closely approximating free-air conditions. Details of
this recalibration are givren in Arrendix B. The recalibration indicated
that the effective curie strenginhs otf' all sources were almost exaotly as
prev1ousey reported after correction were mzue for decay.

: Sinece the present measurements were being made with the p01nt-
solirce circulation system, which presented a difrerent source geometry, a
remeasurement of the frez-field exposure rate was required. Because the -
surface had been graded and rolled, for przctical purposes the field was
considered a smooth, level plune. The free-fi=ld exposure rates at
various heights above tre field are shown in Tuzble 3.1 ard are presented
graphically iun Figure C.1. “Cuwrves stowing the cumula:ive exposure rate ,
for each annulus zre plotted. These curves indicate the relative contribu-
tion for euch annulue with ir-crezsing distance from the center of the field.

To compare tne free-field data reported in Reference 1 with the
free-rield data obtained with the roint-source circulation system (in this
report), the cumulative exposure rates at the 3-foot height were plotted
versus the distarnce from the center of the field in Figure C.2. Also
shown in Figure C.2 =zre duta mensured at the 15-foot height (this report)
and dsta at the 3-foot and 15-foot heiihts taken at PSDC (Reference lO)

The curves zt the 3-foot height show =z defirite difference between the
oreviously token DL datz (P efeve”ce 1, 2 d thc measured data in this
report. The latter meusurements were 5 percent lower than the prev1ous
meusurements. The PSDC measurements were dlSO lowver (12 percent; at the
Lo2-foot radius. The fact that the curves are very nearly parallel
indicates that the difference in the exrosure rates was probably due to
dirferences in terrzin {grou~d roughnesu) vetween the sites of the experi-
ment. During the initiuzl work (Reference 1), the source was exposedyjust
avove tre surfuce of ftle field to decrezse ground-roughness effects. How-
ever, the source wi:s reur enough to tre grouhd to be considered at the
air-ground interface witlout veing extremely atfected by the variations in
the terrain. . The circulqting roint source, on the other hand, travelled
througt plustic tubing thet wes 1laid }’rCﬂt’" o the ground. Although the
surfuce huad been graded nd reolled, the ield was only an aprroximation of
# smootr field. Thut conly =n sprroxim:tion of # smooth field can be
scnjeved may ve inferred from duta ovtained by Huddleston, et.al., (Refer-
erce 14) wro, under somewnut similar conditions, made measurements of
fallout radistion on a flut, dry luke bted at the levada Test Site. Angular
~distritution messurements 3 fest above ground resembled the theoretical
curve at tre 20-foot height above ground, or schematically as if the fall-
out on the ground hus been coverel with a mass thickness of material ‘
equivalernt to 20 feet of air. This indicated that there are ground-roughness
effects even on ground which avrears to approich the ideal in smoothness in
an infirite terr=in,

i
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. Ordinarily it might be expected that the PSDC measurements in the
free-field would be in closer agreement with the NDL measurements since
similar systems were used to simulute the fallout areas. However, at the
PSDC test site, washed gravel had produced @ rolling terrain which introduced
shadowing effects to the lower detectors; these were not present in the IDL
measureMents. This is substuntiated in the close agreement of NDL and PSDC

data at the 15-foot height.

The infinite-field exposure rate at a 3-foot height for this
experiment was, L68 R/h at unit curie density. This is approximztely 5 per-
cent lower than the exprosure ratc measured previously (Reference 1), a
difference believed to be due primarily to ground roughness. . .

The experimentnl infinite-field exposure rates at heights to

1% feet taken a% NDL and st PGDC are plotted in Figure C.3, along with the
theoretical curve, he theoreticzl curve wus calculated from Spencer's
L(d) curve und a value of L4ES R/h was assumed as the infinite-field value
for a relatively smooth lazne. The L(d) function is the total detector
response at z distance d(.1 uir) from an infinite, plane, isotropic source,
divided by the totul detector response at 2 feet in air from the same
source. In generzl, the exrerimentzl free-field measurements of NDL and of

ODC agree very well with Crencer's theorctical values. Good agreement
exists between the DL meusurements nnud the thooretical NJLues near the
ground, ~nd tre metsurements above Y feet agree within 3.8 percent; however,
the PSDC mensurements were low st the l-i'oot and 3-foot detector heights.

If it is zssumed that the difference between the measurements at these low
detector teights ie due to ground roughress, a correction factor may be
calculateéd for euch height by obtaining a ratio of the theoretical-to-exreri-
mentul exposurn rate, When these ratios are applied for ground roughnes:
correstion to the P3SDC cumulztive results shown in Figure C.2, the agreement
‘between IIDL mensurements and PSDC measurements becomes quite good. This is
shown by the 3-foot height data in Tuble C.1l.
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- TABLE C.1 COMPARISON OF THE PSDC FREE-FIELD EXPOSURE RATES CORRECTED FOR
GROUND ROUGHNESS WITH NDL FREE-FIELD EXPOSURE RATES MEASURED
AT THE 3-FOOT HEIGHT ABOVE AN INFINITE RADIATION FIELD SIMULATED

BY COBALT 60
Outer Radius Cumilative Exposure Rates
of Radiation Measured Jorrected®  Measured® Difference®
Area PSDC PSDC NDL
£t | (R/h) /(Ci/£t?) pet
17.9 - 159.4 174.9 - -
32 213.4 234.1 - -
68 279.1 . 306.2 297 3.1
164 344 .6 378.C 370 2.2
Ls2 398.6 437.3 438 0.2
@ upa 3. N?O;D a8 C.6

®Ground rougrness correction factor = 1.097.

‘boata at the indicated radii interrolated from Figure 4.2,

. Corrected Exp Rute (PSDC) - Measured Exp Rute (NDL)
¢ Pe t Diff = = i
Fercent Difference Mensured Exp Rate (NDL)

6k
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Figure C.1 Experirmental exposure rates versus height above
contaminated field.
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Figure C.2 Cumilativeyexposure rates versus radius of contaminated
field as measured by I'DL and PSDC.
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